1. Introduction {#sec1}
===============

Antimicrobial peptides present a solution to the major problem that multiresistant bacteria pose to human health.^[@ref1]^ Peptides such as nicin^[@ref2],[@ref3]^ and ε-polylysine^[@ref4]^ have long been used for food preservation due to their antimicrobial abilities, and related peptides are being explored for clinical applications.^[@ref1],[@ref5]^ An exact relationship between the amino acid sequences of these peptides and their antimicrobial action(s) has yet to be established, hindering rational optimization of their properties for both clinical and preservative use. Therefore, it is of considerable importance to elucidate the relationship between peptide sequence/structure and their function and mechanism of action.

Cinnamycin is a 19-residue tetracyclic peptide (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a), which selectively binds to lipid molecules with a phosphatidylethanolamine (PE) head group with a 1:1 stoichiometry,^[@ref6]^ which, subsequently, results in permeation of PE-containing membranes.^[@ref7]^ In contrast, cinnamycin shows a much lower binding affinity for, and limited permeabilization of, vesicles consisting of other lipids \[e.g., phosphatidylcholine (PC), phosphatidylserine (PS), and *N*-methyl PE (mPE)\].^[@ref7],[@ref8]^ When cinnamycin binds to a membrane, it also induces nonselective lipid flip-flops, which may be related to its antimicrobial ability.^[@ref8]^

![Primary structure of cinnamycin. (a) The sequence of cinnamycin showing the cross-links. (b) Chemical structure of the four uncommon amino acids present in cinnamycin: *meso*-lanthionine (Lan), (2*S*,3*S*,6*R*)-3-methyllanthionine (MeLan), (2*S*,8*S*)-lysinoalanine (LysAla), and *erytho*-3-hydroxy-[l]{.smallcaps}-aspartic acid (HyAsp). The two backbone moieties of Lan will be referred to as Ala(S)X and Ala(S)Y, while the corresponding moieties of MeLan will be referred to as Abu(S)X and Ala(S)Y, where X and Y specify the positions in the sequence. The two moieties of LysAla19/6 will be referred to as Lys19 and Ala(N)6. Abu = 1-α-aminobutyric acid.](ao9b02949_0001){#fig1}

Cinnamycin is a part of the lantibiotic family, which is defined by the presence of the thioether amino acids *meso*-lanthionine (Lan) and (2*S*,3*S*,6*R*)-3-methyllanthionine (MeLan) that are formed through side-chain cross-linking of a cysteine residue with either serine or threonine, respectively (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b).^[@ref9]^ Due to the presence of these amino acids, lantibiotics are highly cross-linked internally, and the presence of three such cross-links together with a (2*S*,8*S*)-lysinoalanine (LysAla) bridge makes cinnamycin one of the smallest peptides with a well-defined three dimensional structure.^[@ref10]^ Based on NMR experiments, a pocket in the cinnamycin molecule formed by residues 7--14 has been suggested to be the binding site for PE molecules.^[@ref6]^ Furthermore, cinnamycin has an *erytho*-3-hydroxy-[l]{.smallcaps}-aspartic acid (HyAsp) at residue 15, the function of which is unknown. Together with the highly homologous peptides, the duramycins and ancovenin, cinnamycin defines a family of cinnamycin-like peptides.^[@ref11]^ In addition to their hemolytic^[@ref12]^ and antimicrobial properties,^[@ref13]^ cinnamycin-like peptides also inhibit angiotensin-I converting enzyme,^[@ref14]^ the activity of phospholipase A~2~,^[@ref15]^ and herpes simplex virus,^[@ref16]^ and, thus, these peptides have potential applications in the treatment of blood pressure regulation, inflammation, and viral infection.^[@ref17]^ Its ability to selectively bind to PE lipids makes cinnamycin a potential probe for determining the location of PE lipids in cell membranes and for disrupting PE-containing membranes such as those of cancer cells and of bacteria.^[@ref10],[@ref18],[@ref19]^

Based on NMR studies, it has been suggested that the selectivity of cinnamycin for PE is due to the binding of the primary ammonium (i.e., charged amine) group of the PE head group into a small binding pocket on the peptide surface that cannot encompass larger head groups such as that of e.g., PC.^[@ref20]^ However, some observations are difficult to accommodate within this model: e.g., preincubation of cinnamycin with alkyl-phosphopropanolamine cannot inhibit its hemolytic activity, indicating that molecules with a larger distance between the ammonium group and the phosphate group than that in the head group of PE fail to bind to cinnamycin.^[@ref12]^ Cinnamycin and the related peptide duramycin, which only differ in a few residues, have been found to induce general lipid flip--flop in the presence of PE lipids^[@ref8]^ and during vesicle tubulation,^[@ref21]^ permeation,^[@ref7]^ and fusion.^[@ref8]^ The focus of the current study is, thus, to characterize the selectivity of cinnamycin for PE and to investigate how cinnamycin may perturb PE-containing membranes.

We use molecular dynamics (MD) simulations to optimize a previously published NMR-derived structural model of cinnamycin (PDB ID: 2DDE, model 1)^[@ref20]^ and to characterize its interaction with different lipid species, thereby providing an understanding of its selectivity for PE. Simulations of cinnamycin with one molecule of 1,2-dilauroyl-*sn*-glycero-3-phosphoethanolamine (DLPE) bound in different solvents are analyzed, providing an optimized model of the PE--cinnamycin complex. Simulations of cinnamycin embedded in a bilayer of 1-palmitoyl-2-oleoyl-*sn*-glycero-3-phosphocholine (POPC) and a range of different lipids reveal the effect of the lipid species on the stability of the cinnamycin--lipid complex. The function of the C~β~ hydroxylation of Asp15 is investigated by simulating the HyAsp15Asp mutant. Finally, the accommodation of the cinnamycin--PE complex in both POPC and 1-palmitoyl-2-oleoyl-*sn*-glycero-3-phosphoethanolamine (POPE)/1-palmitoyl-2-oleoyl-*sn*-glycero-3-phospho-(1′-*rac*-glycerol) (POPG) bilayers (the latter mimicking a bacterial membrane) is examined.

2. Results and Discussion {#sec2}
=========================

2.1. Cinnamycin--DLPE Complex Structure {#sec2.1}
---------------------------------------

An NMR structure of cinnamycin bound to a lysophosphatidylethanolamine (LPE)^[@ref20]^ was used as a starting structure for our simulations. To evaluate the stability of this NMR structure, the fragment of LPE resolved in the PDB ID: 2DDE (model 1) coordinate set was converted into DLPE and the system was solvated in water, dimethyl sulfoxide (DMSO), or ethanol. The systems were then energy minimized, equilibrated, and simulated for at least 0.3 μs using atomistic resolution ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). To ensure that we obtained a reasonable protein model, the ϕ and ψ angles of the amino acid residues of cinnamycin in DMSO were calculated ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b02949/suppl_file/ao9b02949_si_001.pdf)) following the same protocol presented by Hosoda et al.,^[@ref20]^ and a comparison of nuclear Overhauser effect (NOE) distances between NMR and the simulated structures was done ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b02949/suppl_file/ao9b02949_si_001.pdf)) following the restraint distance presented by Hosoda et al.^[@ref20]^

###### Atomistic Simulations of DLPE Bound to Cinnamycin in Different solvents

  simulation name[a](#t1fn1){ref-type="table-fn"}   simulation time (μs)   solvent   HyAsp15 rotated[b](#t1fn2){ref-type="table-fn"}   NOE rest. eq.[c](#t1fn3){ref-type="table-fn"}
  ------------------------------------------------- ---------------------- --------- ------------------------------------------------- -----------------------------------------------
  *D*~NMR~                                          0.3                    DMSO      no                                                no
  *E*~NMR~                                          0.3                    ethanol   no                                                no
  *W*~NMR~                                          0.3                    water     no                                                no
  *D*~unflip~                                       1.0                    DMSO      no                                                yes
  *D*~flip~                                         1.0                    DMSO      yes                                               yes
  *E*~unflip~                                       1.0                    ethanol   no                                                yes
  *E*~flip~                                         1.0                    ethanol   yes                                               yes
  *D*~flip~*\_W*[d](#t1fn4){ref-type="table-fn"}    0.65                   water     yes                                               yes

The initial letter indicates the solvent used, while the subscript indicates the starting conformation and equilibration protocol used: NMR if the NMR model was used and no NOE restraints were applied; unflip if NOE restraints were used; and flip if restraints were applied and an initial rotation of the HyAsp15 side chain was performed.

Specifies whether or not the χ~1~ angle of HyAsp15 was rotated by 200° to position it in the gauche(+) orientation (specified as flip). In this orientation, the negatively charged HyAsp carboxylate points toward the LysAla19/6 secondary ammonium bridge, which allows for an attractive electrostatic interaction between them.

Specifies whether or not the NOE-derived restraints were applied during the equilibration period of the simulation.

The equilibrated complex from *D*~flip~ was resolvated in water and equilibrated with distance restraints.

The distance between the ammonium group of the lipid and the back of the binding pocket, defined by the sulfur atom of MeLan5/11, was used to monitor the interactions of DLPE with cinnamycin ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). It was seen that in the simulations started from the NMR model equilibrated without NOE restraints (*D*~NMR~, *E*~NMR~, and *W*~NMR~), the ammonium group of the lipid always moved out of the binding pocket during the initial equilibration of the simulations, as indicated by the distance, which is much greater than the initial value of 3.4 Å. The initial complex was, thus, not stable, regardless of the solvent environment (the NMR structure was determined in DMSO) as the lipid always moved out of the binding pocket during the energy minimization or within a few picoseconds of MD simulation \[also see [Figure S4a,b](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b02949/suppl_file/ao9b02949_si_001.pdf) in the Supporting Information (SI)\].

![Distance between the binding pocket and the ammonium group of the lipid as a function of time for simulations of DLPE bound to cinnamycin in different solvents. See [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} in [Section [4](#sec4){ref-type="other"}](#sec4){ref-type="other"} for details of the simulations.](ao9b02949_0002){#fig2}

We attempted to optimize the model to form a stable lipid--peptide complex. A series of equilibration simulations of the DLPE--cinnamycin complex were conducted. Distance restraints between atoms of the lipid and the peptide molecules were derived from the published NMR data^[@ref6]^ (see methods, [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}), and simulations with decreasing force constants were conducted to obtain a well-relaxed structure obeying the NOE measurements. Two starting conformations varying in the orientation of the HyAsp15 rotamer were employed to ensure that both rotamers were sampled adequately. These two rotamers were: (1) the NMR model (simulations marked unflip) and (2) a model in which the HyAsp15 side chain was oriented into the binding pocket (simulations marked flip). Simulations of both models were undertaken in three different solvents (DMSO, water, and ethanol). These simulations were intended to elucidate which orientation of the HyAsp side chain leads to the most stable complex.

In simulations of *D*~unflip~, the HyAsp15 side chain rotated into the binding pocket. As a result, both of the simulated structures in DMSO (*D*~unflip~ and *D*~flip~) yielded similar conformations at the end of the restrained simulations with a backbone root-mean-square deviation (RMSD) of 0.7 Å (see [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). When changing the solvent to ethanol, however, this flip was not observed, resulting in the structures yielded by *E*~unflip~ and *E*~flip~ being quite different at the end of the simulations, with a backbone RMSD of 2.2 Å. In *E*~unflip~, cinnamycin became distorted after a few hundred nanoseconds of unrestrained simulation indicating that this complex was not stable. Cinnamycin from *E*~flip~ had a low backbone RMSD with respect to both *D*~unflip~ and *D*~flip~ (below 0.8 Å) indicating that the differences between the two solvents did not affect the structure of the complex much. In water, the restrained simulations did not result in complex formation, as the lipid did not remain bound during the equilibration ([Figure S4c](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b02949/suppl_file/ao9b02949_si_001.pdf) in the SI). To assess the stability of a cinnamycin--DLPE complex in water, the complex formed in DMSO (from the *D*~flip~*-*simulation) was resolvated in water (named *D*~flip~*\_W*). The lipid, however, diffused away from the binding site after ∼590 ns (as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) suggesting that the hydrophobic environment of the membrane is needed for a stable interaction between cinnamycin and the lipid. This may explain why long-tailed lipids bind more strongly to cinnamycin than short-tailed lipids in a membrane environment,^[@ref22]^ as lipids with shorter tails are more likely to be outside a membrane bilayer environment because they are more soluble in water, as previously stated by Gao et al.^[@ref23]^ We conclude that the complexes formed in *D*~unflip~, *D*~flip~, and *E*~flip~ represent the same conformation, as also observed from the overlay in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a, and we will from now on refer to this as the MD model. However, the model does not match the NMR model, as we will discuss next.

![Backbone alignment (aligned on Cα, N, C, and O atoms) of (a) the structures obtained after the equilibration of simulations *D*~flip~ (yellow), *D*~unflip~ (orange), and *E*~flip~ (cyan) is compared with (b) an alignment of the *D*~flip~ (yellow), *E*~unflip~ (green), and NMR (gray) structures. Only the nonhydrogen atoms of the backbone of residues 5--15 and the side chain of HyAsp15 are shown. The locations where the N- and the C-termini have been truncated from the images for clarity are shown as blue and red spheres, respectively.](ao9b02949_0003){#fig3}

Although the lowest-energy NMR model (2DDE, model 1) fulfilled most of the NMR restraints applied in this study, careful comparison revealed that fewer close interactions were observed between the peptide and the lipid in the NMR model ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a) than in the MD model ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b). In particular, in the NMR model, the phosphate group of the lipid was not in contact with the peptide and the hydroxyl group was the only part of HyAsp15 interacting with the lipid ammonium group, while the carboxylate of HyAsp15 pointed away from the binding pocket. Furthermore, no hydrogen bonds were observed between the peptide and the lipid. A slightly different binding pattern was found in the MD models, as the lipid phosphate group remained bound in a pocket in the MD model ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b,c), making it possible for the amide hydrogens of residues 10--13 to form hydrogen bonds with oxygen atoms of the lipid phosphate. Furthermore, the ammonium group of the lipid formed stable hydrogen bonds to the backbone carbonyl groups of Phe7 and Val13 as well as a bifurcated hydrogen bond to the carboxylate and hydroxyl groups of HyAsp15. This led to a much tighter binding than in the NMR model and, thus, a more stable complex, as indicated from the much shorter and less variable distance between the lipid ammonium group and the binding pocket observed in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} for *D*~unflip~ (3.7 ± 0.8 Å), *D*~flip~ (3.6 ± 0.7 Å), and *E*~flip~ (3.8 ± 0.9 Å) compared to *D*~NMR~ (9.1 ± 1.4 Å), *E*~NMR~ (15.4 ± 1.7 Å), and *W*~NMR~ (18.1 ± 6.4 Å). Another indication of the validity of the rotated HyAsp15 form is the location of the carboxylate group and hydroxyl group in this conformation. The negatively charged carboxylate of HyAsp15 was positioned much closer to the positively charged ammonium group of the lipid, which again is a clear indication of a stronger peptide--lipid interaction. The hydroxyl group was at the same time positioned close to the ethyl part of the ethanolamine group (e.g., 3.5 ± 0.7 Å for *D*~flip~), thus still fitting well with the observed NMR cross-peaks between these two groups.^[@ref6]^ Interestingly, one of the 10 NMR models (model 10) showed a similar orientation of the HyAsp15 side chain, thus confirming that the orientation also matches the NMR restraints used by Hosoda et al. to develop the NMR model.^[@ref20]^ To conclude, this optimized conformation in which the HyAsp15 side chain as well as Phe7(O) and Val13(O) are pointing into the binding pocket seems to represent a more likely model of the PE--cinnamycin complex and was, thus, used for the subsequent simulations in lipid bilayers.

![NMR structure and the MD-optimized cinnamycin--PE complex. (a) The NMR and (b) the MD models of the PE--cinnamycin complex with the surface of the peptide shown in gray and the bound lipid colored green. For clarity, the peptide is visualized as its main chain and its modified side chains (excluding nonpolar hydrogens), while the lipid is shown without its hydrophobic tails (a figure with the tails shown is found in [Figure S4d](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b02949/suppl_file/ao9b02949_si_001.pdf) in the SI). (c) Schematic drawing of the optimized binding mode. The peptide is illustrated in black, the lipid head group in green, and the hydrogen bonds in red. Wavy lines indicate that backbone atoms have been omitted for clarity. All side chain atoms excluding HyAsp15 and LysAla19/6 have been omitted for clarity. Numbers on the Cα-carbons specify the residue numbers.](ao9b02949_0004){#fig4}

2.2. Binding of Different Lipids {#sec2.2}
--------------------------------

The selectivity of cinnamycin for PE lipids has been suggested to be due to the exact fit between the size of the ammonium-binding pocket of cinnamycin and the substituents on the ammonium group of the lipid, making it impossible to fit larger groups into the binding pocket.^[@ref20]^ However, the peptide is dynamic and it is possible that the binding pocket may adapt to the larger size of other lipid types. Furthermore, it is not known how the hydrogen-bonding network is affected by the presence of groups other than the primary ammonium group of PE lipids. We, therefore, conducted several simulations with POPE, *N*-methyl 1-palmitoyl-2-oleoyl-*sn*-glycero-3-phosphoethanolamine (POmPE), 1-palmitoyl-2-oleoyl-*sn*-glycero-3-phospho-[l]{.smallcaps}-serine (POPS), and POPC bound to a cinnamycin molecule embedded in a POPC bilayer to determine the source of the selective binding of PE lipids ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}).

![Simulations of cinnamycin--lipid complexes in a bilayer membrane. (a) The four lipids investigated in the binding study, R1 and R2, representing palmitoyl and oleoyl groups, respectively. (b) A snapshot from a simulation with cinnamycin (orange) bound to a PE lipid (green) embedded in a POPC bilayer (gray/white/red/bronze). Water and ions are shown as a transparent blue surface. The simulation box was approximately 6 × 6 × 10 nm^3^.](ao9b02949_0005){#fig5}

Initially, the dynamics of the PE--cinnamycin complex was investigated. It was clear from root mean square fluctuation of the backbone dihedral angles ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b02949/suppl_file/ao9b02949_si_001.pdf) in the SI) and from visual inspection of the simulation trajectories that the main flexibility in the binding pocket of cinnamycin was located around the side chain of HyAsp15 and the backbone near Phe7. Thus, the orientations of the HyAsp15 side chain, Phe7(O), and Phe7(NH) were plotted together with the distance between the lipid and the binding pocket and the number of hydrogen bonds between them (see the [SI](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b02949/suppl_file/ao9b02949_si_001.pdf) for details). [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} shows the temporal evolution of these structural features during a simulation of the wild-type (wt) cinnamycin with the aspartate hydroxylated and POPE bound (PE_HyAsp). Plots for all of the simulations can be found in the [Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b02949/suppl_file/ao9b02949_si_001.pdf), Supporting Information. It is apparent from the figure that both the side chain of HyAsp15 (HyAsp in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}) and the backbone of Phe7 (Phe(NH) and Phe(O)) were quite dynamic as they exchange between pointing into the pocket (gray) and out of the pocket (white) several times during the simulation. The figure shows a direct correlation between the orientation of Phe7(O) and the number of hydrogen bonds to the ammonium group of the lipid; when Phe7(O) rotates out of the pocket, the number of hydrogen bonds decreases (blue line) as one of the hydrogen bonds formed between cinnamycin and the ammonium is via this functional group. Although four hydrogen bonds were observed in the simulations, the maximum number of hydrogen bonds on the plot never reached this level due to the time averaging. Most often, the rotation of the Phe7(O) and the loss of the related hydrogen bond were also related to the lipid ammonium moving out of the binding pocket as exemplified by the increased distance to the binding pocket (red curve) e.g., observed at 50 ns in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. Histograms showing the distance to the binding pocket observed over the last 400 ns of all simulations are plotted in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}. By fitting Gaussian functions to these data, two populations of distances can be characterized: a tightly bound mode located at a distance of 3.5 ± 0.2 Å from the back of the binding pocket and a more loosely bound conformation at 4.3 ± 0.4 Å, as indicated by the larger standard deviation (see the dark purple line in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a). These two populations probably represent two submodes of binding, as also observed from the red line in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}.

![Temporal evolution of a simulation of cinnamycin bound to one POPE molecule embedded in a POPC bilayer (simulations named PE_HyAsp). The plot shows the change in the orientation of the HyAsp15 side chain, Phe7(O), and Phe7(NH) over time (gray when the given group points into the binding pocket and otherwise white), the distance between the ammonium group of the lipid and the binding pocket (red line), and the number of hydrogen bonds between the ammonium group of the lipid and cinnamycin (blue line). The left *y* axis describes the gray and white coloring, while the right *y* axis describes the red and blue curves. Above the plot, snapshots of the complex are shown. It is interesting to notice how the HyAsp15 rotated in the 85 ns snapshot was followed by the Phe(NH) rotating out of the binding pocket, as shown in the snapshot at 120 ns. The lipid ammonium group has moved out of the ammonium-binding pocket at 60 ns and has rebound again in the snapshot at 160 ns.](ao9b02949_0006){#fig6}

![Distributions of the distance between the lipid head group and the binding pocket, measured from the nitrogen of the lipid ammonium to the sulfur of meLan5/11. The names refer to the simulations described in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} in [Section [4](#sec4){ref-type="other"}](#sec4){ref-type="other"}. Plotted for (a) the wild-type cinnamycin and (b) the hyAsp15Asp mutant.](ao9b02949_0007){#fig7}

After the ammonium moved out of the pocket, the HyAsp15 rotated at ∼70 ns, such that the carboxylate pointed toward the lipid ammonium, followed by the Phe(NH) orienting out of the binding pocket at ∼90 ns in the simulation shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. The flip of the HyAsp15 was likely induced by the attraction between the negatively charged carboxylate of HyAsp15 and the positively charged ammonium group of the lipid. In the MD model, the carboxylate of HyAsp15 makes a hydrogen bond with Phe7(NH) (see [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). This hydrogen bond stabilizes the orientation of both HyAsp15 and Phe7 backbone, and the movement of one or the other may, therefore, make the orientation observed in the MD model for these residues less stable. This is likely why Phe7(NH) rotates after the HyAsp15 has rotated. It should be noted that the order of the movements of the residues varies in individual simulations (see [Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b02949/suppl_file/ao9b02949_si_001.pdf) in the SI), so only the correlation between these movements can be deducted but not the cause--effect relation. Furthermore, rotating the HyAsp15, such that the carboxylate points toward the lipid ammonium, does not preclude the lipid binding as observed at ∼150 ns where the lipid rebinds to the ammonium-binding pocket.

In the published NOE measurements, cross-peaks were observed between the hydroxyl group of HyAsp15 and the ethanolamine group of the lipid (see [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}).^[@ref6]^ Upon rotation of the HyAsp15 side chain in the MD model, the carboxyl group points toward the lipid (e.g., at 85 ns in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}) leading to the hydroxyl group pointing away from the ethanolamine. We, therefore, restrained the χ~1~ angle of HyAsp15 such that its carboxylate pointed toward the LysAla19/6 ammonium bridge (as observed in the MD model) to get a better sampling of the state fitting the NMR data the best (simulations named PE_HyAsp_HyAsp^+^). Interestingly, this resulted in a much more stable interaction between cinnamycin and the lipid, since the lipid stayed tightly bound at a distance of 3.4 ± 0.2 Å in these simulations (the light purple line in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a). A figure equivalent to [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} is shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}a for one of these simulations where hyAsp15 is restrained. It is apparent from the figure that both Phe7(NH) and Phe7(O) remained in their initial orientations, and the number of hydrogen bonds was high throughout the simulation. This indicates that fixing the orientation of the HyAsp15 side chain stabilizes both the orientation of Phe7 and lipid binding.

![Relation between the dynamic behavior of the binding pocket and the stability of the lipid binding over time shown for a representative simulation of cinnamycin with (a) POPE bound with the HyAsp15 side chain restrained (PE_HyAsp_HyAsp^+^), (b) POmPE bound (mPE_HyAsp), (c) POmPE bound with HyAsp15 side chain restrained (mPE_HyAsp_HyAsp^+^), (d) POPS bound (PS_HyAsp), and (e) POPC bound (PC_HyAsp). Color coding and axes are the same as in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}.](ao9b02949_0008){#fig8}

To investigate whether the stabilization was due to some very specific interactions related to the HyAsp15 or if it was mainly due to an overall stabilization of the binding pocket, simulations were conducted restraining the rotation of either Phe7(NH) (simulation named PE_HyAsp_Ala(N)6) or Phe7(O) (simulation named PE_HyAsp_Gly8). Both these restraints lead to a stabilization of the binding although to a slightly lower extent than when restraining HyAsp15 (see [Figure S7a,e and Figure S7b,f](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b02949/suppl_file/ao9b02949_si_001.pdf) in the SI, respectively). When the bound lipid did move out of the binding pocket with either Phe7(O) or Phe7(NH) restrained, it was always correlated to the rotation of both the HyAsp15 side chain and the Phe7 backbone angle not retrained. These findings indicate that the orientation of the Phe7 backbone is important and that HyAsp15 stabilizes the optimal binding conformation when its carboxylate group points toward the lysinoalanine. To test this hypothesis, simulations were conducted where the HyAsp15 side chain was restrained away from this conformation (by inverting the potential used to restrain the HyAsp15 into the position) to investigate if the stabilization was related to this specific conformation (simulation PE_HyAsp_HyAsp^--^). These simulations did not lead to a stable binding mode, as indicated by the fact that the lipid moved in and out of the binding pocket (see [Figure S7c,g](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b02949/suppl_file/ao9b02949_si_001.pdf) in the SI). However, simulations where the orientation of both Phe7(NH) and Phe7(O) were restrained to point into the pocket while the HyAsp15 side chain was kept away from its MD model orientation lead to a quite stable binding of the lipid (simulation PE_HyAsp_Ala(N)6Gly8HyAsp^--^ shown in [Figure S7d,h](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b02949/suppl_file/ao9b02949_si_001.pdf) in the SI). Thus, orienting the HyAsp15 carboxylate toward the LysAla19/6 bridge is likely to be important for stable binding of PE lipids. Furthermore, it may be possible to improve the binding stability by decreasing the flexibility near Phe7. This may be done experimentally by directly reducing the flexibility of the backbone, e.g., by mutating Gly8 to a [d]{.smallcaps}-amino acid, or by fixating the HyAsp15 orientation, which also reduces the flexibility of the Phe7 backbone.

Having characterized the dynamic nature of the interactions of cinnamycin with its optimal binding partner, PE, binding of other lipid species may also be investigated and compared ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). As cinnamycin-producing organisms modify their PE lipids to mPE for immunity, the interaction with mPE is of particular interest to study.^[@ref24]^ Simulations of cinnamycin with POmPE in the binding pocket (mPE_HyAsp) revealed only the less-stable binding mode characterized by a rather long binding distance of 4.5 ± 0.4 Å ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a, dark green curve). Another difference, apparent from [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}b, is that the correlation observed for POPE, between the number of hydrogen bonds to the lipid ammonium and the orientation of Phe7(O), was not found for POmPE (see [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}b, blue curve). This suggests that Phe7 probably forms the weakest hydrogen bond with the lipid since it is broken when changing the type of the lipid bound from POPE to POmPE, while the hydrogen bonds with Val13(NH) and the HyAsp15 side chain were all conserved throughout the simulations (see [Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b02949/suppl_file/ao9b02949_si_001.pdf) in the SI). Restraining HyAsp15 (simulations named mPE_HyAsp_HyAsp^+^) did not lead to a stable binding of POmPE ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}c).

Cinnamycin with POPS bound (PS_HyAsp) ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}d) was remarkably stable at a distance of 3.5 ± 0.2 Å (red in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a), similar to the distance observed for the tightly bound mode of POPE. This suggests that the observed selectivity for PE over PS is not due to steric clash between the peptide and the carboxylate group of the bound PS lipid head group. Instead the selectivity may be due to differences in the orientation and interaction with the membrane (see [Section [2.4](#sec2.4){ref-type="other"}](#sec2.4){ref-type="other"}). It should be noted that bacterial membranes typically contain insignificant amounts of PS,^[@ref25],[@ref26]^ whereas mammalian plasma membranes contain PS primarily in the inner leaflet but is present at the surface of the cell during apoptosis.^[@ref27]^

![Relation between the orientation of specific functional groups and the stability of the binding over time for cinnamycin with the HyAsp15Asp mutation. The simulations were conducted with (a) POPE bound to cinnamycin HyAsp15Asp (PE_Asp), (b) as (a) but with the orientation of the side chain of Asp restrained (PE_Asp_Asp^+^), (c) POmPE bound to cinnamycin HyAsp15Asp (mPE_Asp), and (d) as (c) but with the orientation of Asp restrained (mPE_Asp_Asp^+^). Color coding and axes are the same as in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}.](ao9b02949_0009){#fig9}

Starting the simulation with POPC in the binding pocket of cinnamycin (PC_HyAsp) led to an even less-stable binding than observed with POmPE bound, and the lipid was released after ∼300 ns in the simulation shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}e. The release of the lipid indicates that the lipids need to interact with the ammonium-binding site to exhibit a high affinity for cinnamycin.

2.3. Function of HyAsp15 {#sec2.3}
------------------------

Cinnamycin has five post-translational modifications: one Lan, two MeLan, one LysAla, and one HyAsp. The Lan, MeLan, and LysAla residues crosslink cinnamycin, which results in a relatively rigid peptide with a well-defined structure, while the function of HyAsp15 is not similarly clear. HyAsp15 was observed in the simulations to make a hydrogen bond with the ammonium of the PE lipid. However, it is uncertain if this is needed for a stable binding of the lipids. To investigate this further, HyAsp15 was mutated in silico to an Asp, and simulations were conducted with POPE bound (PE_Asp), with POPE bound and the orientation of Asp15 restrained (PE_Asp_Asp^+^), with POmPE bound (mPE_Asp), and with POmPE bound and the orientation of Asp15 restrained (mPE_Asp_Asp^+^). A plot equivalent to [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} of the correlation between the orientation of Phe7(O), Phe7(NH), and the side chain of Asp15, the number of hydrogen bounds to the ammonium group of the lipid, and the distance between the ammonium and the binding pocket are given in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"} for representative simulations.

With POPE located in the binding site of the mutated cinnamycin (PE_Asp), the distance between the lipid ammonium and the binding pocket was found to change substantially indicating that the interaction was unstable ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}a). Rather the lipid moved between the bound state located at a distance of 3.5 ± 0.2 Å and a weakly bound state at 4.3 ± 0.4 Å similar to what was observed for the wild-type (wt) cinnamycin (dark purple lines in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b). Unlike the wt cinnamycin, two peaks, located at 3.3 ± 0.1 and 3.8 ± 0.3 Å, were still observed in the distance histogram after restraining Asp15 (PE_Asp_Asp^+^, the light purple line in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b). The conformation located at 3.8 Å was not observed for the wt cinnamycin ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a) indicating that the hydroxyl group hinders the accessibility of this state hereby stabilizing the binding of PE lipids when compared to the cinnamycin HyAsp15Asp mutant. Furthermore, while restraining the HyAsp15 in the wt cinnamycin stabilized the orientation of Phe7 backbone (PE_HyAsp_HyAsp^+^), it was still flexible in the mutant even with Asp15 restrained (PE_Asp_Asp^+^, [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}b). The increased flexibility of the Phe7 in the mutant indicates that the tight binding of PE in the wt cinnamycin decreases the flexibility of the backbone near Phe7. Likewise, the number of hydrogen bonds is decreased compared to wt cinnamycin (compare the blue line in [Figures [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}b and [7](#fig7){ref-type="fig"}a), which destabilized the binding. With POmPE bound (mPE_Asp), a single peak was observed at 4.5 ± 0.4 Å (the dark green line in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b) and the Phe7 was quite flexible ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}c) equivalent to what was observed for the wt peptide (mPE_HyAsp). Restraining the Asp15 side chain also failed to generate a stable bound conformation (mPE_Asp_Asp^+^, [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}d), and the number of hydrogen bonds decreased when compared to both the wt cinnamycin and the unrestrained HyAsp15Asp mutant. This is because mPE can only bind in the less-stable binding mode exemplified for PE at the 60 and 85 ns snapshots in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. Thus, when the Asp15 side chain orientation is restrained, no hydrogen bonds can be made with Asp15 and the lipid ammonium only forms a hydrogen bond to Val13.

Overall, it may be concluded that the function of the hydroxyl group mainly is to fix the PE lipid in the binding pocket, which stabilizes the binding site, and to act as a hydrogen bond acceptor to form a hydrogen-bonding network fitting the tetrahedral shape of the ammonium group, as illustrated in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c. Furthermore, the small ammonium-binding pocket only allows the PE head group to bind tightly while disallowing the binding of larger head groups such as mPE, independent of whether the Asp15 is hydroxylated or not. Finally, the binding mode of POPS is very similar to that of POPE indicating that the selectivity for POPE over POPS cannot be explained by the interactions between cinnamycin and the lipid head group. Instead, the selectivity could be related to the orientation of the peptide in the membrane, which we will be explaining next.

2.4. Orientation of Cinnamycin Relative to the Membrane {#sec2.4}
-------------------------------------------------------

Interactions of cinnamycin with different lipid species also affected the orientation and the insertion depth of the peptide in the membrane, as apparent from [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"} (the roll angle and the distance to the membrane center are defined in [Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b02949/suppl_file/ao9b02949_si_001.pdf) in the SI).

![Position and orientation of cinnamycin relative to the membrane are dependent on the lipid bound and the composition of the membrane. (a) The roll angle (see the text for definition) with respect to the bilayer of the peptide when POPE (PE_HyAsp), POmPE (mPE_HyAsp), POPS (PS_HyAsp), or POPC (PC_HyAsp) is bound to cinnamycin in a POPC bilayer and with POPE bound to cinnamycin in a 4:1 POPE/POPG bilayer (PE_PEPG). An angle of ∼0° indicates that the binding pocket is oriented into the solvent, while an angle between 90 and 270° indicates that the binding pocket is oriented toward the membrane. (b) The distance above the bilayer center of: the center of mass (COM) of cinnamycin (circles), ester oxygens of the bound lipid and nonbound PE and PG lipids (squares), and ester oxygens of the nonbound PC lipids (the black line is mean and the shaded area is standard deviation). Error bars specify standard deviation of the measured distances.](ao9b02949_0010){#fig10}

With POPE or POmPE lipids bound (simulations PE_HyAsp and mPE_HyAsp, respectively), the roll angle of the peptide shown in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}a was ∼230° indicating that the binding pocket was pointing into the membrane. However, with POPS bound (PS_HyAsp), the binding pocket was rotated to an angle of 300° such that it was oriented toward the solvent. The difference in the orientation is a consequence of the charged carboxylate group of the POPS head group; the carboxylate projects out of the binding pocket and its highly hydrophilic character makes it favorable to position itself in the solvent instead of being embedded in the membrane, which is fulfilled by rotating the peptide. As previously stated, the POPC--cinnamycin complex was not stable, and in one of the simulations, the lipid fully dissociated ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}e). The release also affected the orientation of the peptide in the membrane since two populations are observed: one at 90° and the other at about 240°. The one at 240° is approximately the same orientation as observed for POPE and POmPE, while the other at 90° occurred due to the release of the lipid from the binding pocket. The release resulted in the negatively charged HyAsp15 side chain flipping out of the binding pocket because the charged carboxylate group was no longer interacting with the positively charged ammonium group of the lipid. The flip hereby made it necessary for the peptide to rotate in the membrane to position the carboxylate group of HyAsp15 toward the solvent and the positively charged head groups of the membrane.

Besides the roll of the peptide, its insertion depth was also found to depend on the lipid-type bound (see circles in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}b). The peptide was situated deepest in the membrane with POPE bound (PE_HyAsp). Increasing the size of the head group from PE (PE_HyAsp) over mPE (mPE_HyAsp) to PC (PC_HyAsp) led to a gradual increase in the distance between the center of mass (COM) of the peptide and the hydrophobic interface of the bilayer. Restraining the HyAsp15 side chain to point into the pocket as in the MD model led to a deeper insertion of the peptide (comparing X_HyAsp_HyAsp^+^ with X_HyAsp in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}b), while mutating HyAsp15 to Asp (comparing X_HyAsp with X_Asp in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}b) resulted in the peptide being located higher in the membrane. These data correlate with the stability of peptide--lipid interactions: when the peptide was in complex with a lipid that showed less-stable binding, the peptides seemed to be located higher in the membrane. An explanation for this correlation could be that if the lipids do not fulfill the hydrogen bond donors and acceptors of cinnamycin, the peptide is located higher in the membrane to satisfy these missing hydrogen bonds by interaction with the polar part of the lipids or the solvent. Cinnamycin with POPS bound (PS_HyAsp) was located highest in the membrane possibly due to the hydrophilic character of the carboxyl group of the POPS head group, which was, consequently, observed to be solvated in the simulations.

Investigating the position of the bound lipid along the bilayer normal (squares in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}b) also shows that, when POPE was bound (PE_HyAsp), the ester oxygens of the bound lipid were pushed further into the membrane compared to the nonbound lipids (the shaded area in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}b). This shift of the bound lipid compared to the other lipids demonstrates that deep insertion of the peptide also led the hydrophilic part of the bound lipid being placed far into the hydrophobic part of the membrane. This effect was much smaller with POPS bound (the red square in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}b) in accordance with the need for placing the carboxylate group of the PS lipid head group in the solvent. Similar to the peptide position, the distance between the bound lipid and the bilayer center increased when going from PE over mPE to PC signifying that the higher positioning of the peptide in the bilayer results in less insertion of the polar head group of the bound lipid in the hydrophobic part of the bilayer.

A bilayer with a lipid composition of 20:80 POPG/POPE was also modeled, to mimic a bacterial membrane.^[@ref28]^ In these simulations, two different populations of orientations were observed ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}a), one at about 60° (i.e., the pocket pointing toward the solvent) and the other at approximately 230° (i.e., the pocket oriented into the membrane). The conformations giving rise to the peak at 60° all originate from the same simulation in which interactions between POPG lipids in the bilayer and the two positively charged residues, Arg2 and LysAla19/6, are observed. These two residues are placed at opposite sides of the peptide with respect to the binding pocket. The electrostatic interactions, therefore, orient the peptide such that these residues point toward the bilayer, thus exposing the binding pocket and the bound head group of the bound lipid to the solvent. The simulation with the pocket oriented toward the solvent furthermore resulted in two peaks in the pocket distance histogram located at 3.5 ± 0.4 and 4.3 ± 0.8 Å (the black curve in [Figure S10d](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b02949/suppl_file/ao9b02949_si_001.pdf) in the SI) indicating that orienting the binding pocket into the solvent leads to a much less-stable binding of the bound lipid compared to when the pocket is oriented toward the bilayer center. For comparison, only one was observed at 3.5 Å ± 0.4 Å in the two other repeats wherein the binding pocket is oriented into the bilayer (orange and light blue lines in [Figure S10d](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b02949/suppl_file/ao9b02949_si_001.pdf) in the SI). The electrostatic interaction observed between Arg2 and LysAla19/6 is likely reduced in vivo by the higher ion concentration present, and we, thus, regard the single simulation showing these interactions to be less abundant in vivo and, therefore, do not expect the orientation of the peptide to be significantly affected by the PG lipids. Furthermore, the ester oxygens specifying the hydrophobic interface are located further from the bilayer center for the POPE/POPG bilayer as compared to the POPC bilayers (brown squares compared to the black line in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}b), indicating a higher hydrophobic thickness. This is consistent with the higher lipid tail order and lower head group area previously found for POPE bilayers compared to POPC bilayers.^[@ref29]−[@ref32]^ This could be one of the reasons for cinnamycin being positioned higher in the PE/PG bilayer compared to that in the POPC bilayer in the simulations.

2.5. Membrane Effects {#sec2.5}
---------------------

Within the timescale simulated, with only one cinnamycin molecule present, we do not observe any changes in the biophysical properties of the membrane that is indicative of early stages of membrane disruption, even after we extended three simulations to 1 μs (one PE_HyAsp, one PE_HyAsp_HyAsp^+^, and one PS_HyAsp. Changes in water penetration and membrane thickness are shown in [Figure S11](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b02949/suppl_file/ao9b02949_si_001.pdf)). It is likely that both a higher concentration of cinnamycin is required as well as an extended simulation time. This is, however, beyond the scope of this paper.

2.6. Discussion {#sec2.6}
---------------

We have shown that cinnamycin binds to PE lipids via a tight hydrogen-bonding network formed between the lipid ammonium and the backbone carbonyls of Val13 and Phe7 alongside the side chain of HyAsp15. Further stabilization of the lipid binding is obtained through binding of the lipid phosphate to a binding site formed by the backbone amides of residues 10--13. Besides showing more extensive favorable interactions between the lipid and the peptide than observed in the DMSO-solution NMR structure,^[@ref20]^ this new model can explain previously puzzling experimental findings. First of all, two peaks were observed in the NMR spectrum for the LysAla19/6 side chain ammonium when the peptide was lipid-bound, while no peaks were present when the peptide was studied in the solution.^[@ref6]^ Such a difference indicates that the binding of a lipid results in changes in the protein structure or dynamics that causes the two hydrogen atoms to experience different environments and which, furthermore, slows the hydrogen exchange with water. These findings were initially thought to be due to interactions with the phosphate group of the lipid,^[@ref6]^ however, with the publication of the NMR model, it became apparent that the phosphate group is too far away to affect the environment of the LysAla19/6 side chain and no obvious explanation was evident from the NMR model.^[@ref20]^ Our new model shows that the HyAsp15 side chain needs to be oriented into the pocket for optimal lipid binding. Such orientation of the carboxylate group of HyAsp15 results in hydrogen bond formation between the HyAsp15 and the ammonium of the LysAla19/6, the lipid ammonium, as well as the backbone amide of Ser6 and Phe7 (see [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). This interaction between the HyAsp15 and the LysAla19/6 fixes the LysAla19/6 bridge, hereby slowing the hydrogen exchange and making the environment of the two ammonium hydrogen atoms different, thus explaining how two individual peaks can appear in the NMR measurements upon lipid binding.

Another result from the current study is that, in the MD model, the lipid phosphate makes hydrogen bonds with the amide hydrogens of residues 10--13. These interactions are in accordance with several studies: Wakamatsu et al. used NMR to show that Val13 loses its contacts with Gly8 and Pro9 when a lipid binds.^[@ref6]^ This is consistent with phosphate binding at this site. Furthermore, studies have shown that phosphatidylethanolamine binds to cinnamycin, while phosphatidylpropanolamine does not.^[@ref12]^ The fact that the major difference between these two lipids is the distance between the ammonium and the phosphate group indicates that both functional groups bind to the peptide and that the distance between them is important. Both of these experimental findings indicate the existence of a phosphate-binding site in cinnamycin.

How cinnamycin kills bacterial cells remains poorly understood. The simulations presented here indicate that cinnamycin inserts itself deep in the membrane when PE is bound thereby drawing the bound PE head group far into the hydrophobic part of the membrane. This is consistent with the high electron density inside the hydrophobic region of the bilayer observed by small-angle X-ray scattering measurements.^[@ref21]^ While the phosphoethanolamine moiety of the lipid is screened by interactions with cinnamycin, the glycerol group is not. The embedding of this hydrophilic group may, therefore, introduce a local polar environment in the hydrophobic part of the lipid bilayer, which can be speculated to be necessary for permeabilization, since the glycerol linker group has been found essential for permeabilization of vesicles but not for lipid binding.^[@ref7]^ Since cinnamycin has been observed to transport not only PE lipids across the membrane but also other lipids present in the membrane, such as PC lipids,^[@ref8]^ it is unlikely that it is only the bound lipid that moves over the membrane during these lipid flip-flops.

The binding of POPS to cinnamycin was remarkably stable in the simulations; however, the peptide was at the same time located much higher in the membrane compared to having PE bound. Experimentally, the binding affinity of cinnamycin-like peptides for PS lipids has been found to be much lower than for PE but higher than for other lipids such as PC.^[@ref8],[@ref19]^ An explanation for this difference in binding affinity may be that by forcing cinnamycin to be positioned higher in the membrane, PS hinders the peptide from forming interactions with the hydrophobic core of the membrane equally favorable as when PE is bound.^[@ref8],[@ref19]^ Furthermore, isothermal titration calorimetry data show that hydrophobic interactions contribute significantly in the binding of cinnamycin to PE-containing membranes indicating a deep insertion in the membrane.^[@ref22],[@ref33]^

PC lipids were found to interact only with the phosphate-binding site, because the choline group was too large to fit in the amine binding site in addition to being unable to form hydrogen bonds at this site. The binding affinity of cinnamycin for POPC, which is rather low,^[@ref33]^ may, therefore, be attributed to hydrophobic interactions and the interaction with the phosphate-binding site.

3. Conclusions {#sec3}
==============

In summary, the binding conformation of the PE--cinnamycin complex was optimized, the binding of different lipids was characterized, the function of the hydroxyl group of HyAsp15 was investigated, and the location of the peptide/lipid complex in a membrane was examined. The selectivity of cinnamycin for PE lipids is suggested to be caused by a hydrogen-bonding network formed between the lipid ammonium and the backbone carbonyl of Phe7 and Val13 in addition to the hydroxyl and the carboxylate groups of HyAsp15 ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c). Beside this ammonium-binding site, the backbone amide hydrogens of residues 10--13 were found to interact with the lipid phosphate. Mutating HyAsp15 to Asp in silico resulted in an unstable binding conformation of PE indicating that the hydroxylation of Asp15 is also important for lipid binding.

Cinnamycin was found to bind deeply in the bilayer when PE was present, while binding of PS leads the peptide being positioned higher in the membrane and with the binding pocket oriented into the solvent instead of into the membrane (see [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}a). The selectivity for PE over PS may, therefore, be attributed to the stronger hydrophobic interaction obtained between cinnamycin and the bilayer when PE is bound since no significant difference in interactions was observed between cinnamycin and the bound PS or PE lipid head group.

In accordance with experiments, cinnamycin and mPE were found to form a less stable complex compared to PE interacting with cinnamycin. This selectivity for PE over mPE was mainly due to the secondary ammonium group of mPE not being able to fit in the binding pocket and the hydrogen bond with the Phe7 amide being lost. The loss of this specific hydrogen bond is in accordance with the observation that it is the most dynamic area of the binding pocket due to the flexibility of the Gly8 backbone placed next to it (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). Restricting the motion around Phe7, e.g., by mutating Gly8 to a [d]{.smallcaps}-amino acid, could, therefore, potentially stabilize PE lipid binding further, increasing the efficiency of the peptide.

In summary, our results shed further light on the lipid--cinnamycin complexes, and the insights obtained from this study may be used to improve the lipid binding affinity of the peptide or even in the design of novel peptides with increased lipid binding affinity that could aid in the targeting of mPE-rich membranes. Furthermore, this study represents an initial step toward elucidating the membrane perturbation mechanism, since the structure obtained can be used to simulate how multiple peptides will interact with and perturb the membrane.

4. Methods {#sec4}
==========

Simulations of the cinnamycin--DLPE complex in different solvents (see [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}) were used to elucidate the optimal structure of the complex. DLPE was chosen to allow for efficient sampling of the bound conformation by keeping the size of the simulations to a minimum, as it has short acyl tails and a PE head group (and is represented in the CHARMM36 force field.^[@ref34]^) Because none of the simulations initiated directly from the NMR model resulted in stable complex formation (see [Section [2.1](#sec2.1){ref-type="other"}](#sec2.1){ref-type="other"}), simulations were equilibrated with restraints derived from the NMR data (see [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}) as specified in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, and the production runs were conducted without restraints.

![Distance restraints between cinnamycin and the lipid corresponding to the reported NOEs^[@ref6]^ were applied to obtain a stable complex. The black arrows are restraints applied to keep the distance below 5 Å, while the red arrow specifies a restraint applied to keep that distance below 4 Å. These distances were chosen on the basis of the distances observed in the 10 NMR models (PDB code 2DDE) and their relative intensity described in the manuscript.](ao9b02949_0011){#fig11}

Besides the simulations of a cinnamycin--lipid complex in different solvents, we also simulated cinnamycin bound to lipids and embedded in a lipid bilayer membrane environment to investigate the origin of the selectivity of cinnamycin for PE lipids. The lipids bound to cinnamycin, thus, explored were 1-palmitoyl-2-oleoyl-*sn*-glycero-3-phosphoethanolamine (POPE), *N*-methyl 1-palmitoyl-2-oleoyl-*sn*-glycero-3-phosphoethanolamine (POmPE), 1-palmitoyl-2-oleoyl-*sn*-glycero-3-phospho-[l]{.smallcaps}-serine (POPS), and POPC. Coarse-grained (CG) simulations with the MARTINI CG force field^[@ref22],[@ref23]^ were used to assemble lipid bilayers around cinnamycin, thus generating configurations from which the atomistic simulations were initiated (see [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). The production runs were conducted without the use of the NMR restraints. All time-evolution plots derived from these simulations are running averages with a window size of 100 frames (1 ns). A fuller description of the methods used is provided in the [SI](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b02949/suppl_file/ao9b02949_si_001.pdf).

###### Atomistic Simulations of Cinnamycin--Lipid Complexes in a Bilayer

  simulation name[a](#t2fn1){ref-type="table-fn"}   simulation time (μs)   lipid bound   bilayer type   mutation   restrained residues[b](#t2fn2){ref-type="table-fn"}
  ------------------------------------------------- ---------------------- ------------- -------------- ---------- -----------------------------------------------------
  PE_HyASP                                          4 × 0.5                POPE          POPC                       
  PE_HyASP_HyASP                                    2 × 0.5                POPE          POPC                      HyAsp15
  PE_HyASP_Ala(N)6Gly8HyAsp                         2 × 0.5                POPE          POPC                      Ala(N)6, Gly8, HyAsp15
  PE_HyAsp_HyAsp                                    2 × 0.5                POPE          POPC                      HyAsp15
  PE_Asp                                            2 × 0.5                POPE          POPC           Asp15       
  PE_Asp_Asp                                        2 × 0.5                POPE          POPC           Asp15      Asp15^+^
  PE_HyAsp_Ala(N)6                                  2 × 0.5                POPE          POPC                      Ala(N)6
  PE_HyAsp_Gly8                                     2 × 0.5                POPE          POPC                      Gly8
  mPE_HyAsp                                         6 × 0.5                POmPE         POPC                       

Simulations are named lipid_residue_setup, in which the lipid refers to the lipid in complex with cinnamycin, the residue denotes the amino acid at position 15 of cinnamycin, and the setup reflects either the restraints applied or changes in the bilayer.

Restraints applied in the simulations. Restraints specified with a + or -- superscript denoting whether the side chain χ~1~ angle is restrained in or away from the gauche(+) conformation, respectively, while the Ala(N)6 and Gly8 labels specify restraints put on the backbone to fix the backbone orientation of Phe7(HN) and Phe7(O) to fit the optimized structure (see details in the [SI](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b02949/suppl_file/ao9b02949_si_001.pdf)).

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acsomega.9b02949](http://pubs.acs.org/doi/abs/10.1021/acsomega.9b02949).Methods section including the used simulation parameters; bond parameters, angle parameters, dihedral parameters; atom types and charges of the residues; CG parameters; distribution of ϕ and ψ; NOE analysis; DLPE; root-mean-square fluctuation of cinnamycin; relation between different interactions and the stability of the binding over time; PE--cinnamycin complex with different residues restrained; hydrogen bonds between the lipid amine and the binding pocket; definition of the orientation of the peptide with respect to the bilayer; distance histogram; plot comparing early and final mass densities (Tables S1--S4 and Figures S1--S11) ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b02949/suppl_file/ao9b02949_si_001.pdf))

Supplementary Material
======================

###### 

ao9b02949_si_001.pdf

^⊥^ Schrödinger, 120 West 45th Street, 17th Floor, New York, New York 10036, United States (H.K.).

^∥^ Peking-Tsinghua Center for Life Sciences, Academy for Advanced Interdisciplinary Studies, Peking University, Beijing 100871, People's Republic of China (C.S.).

^§^ Center for Quantitative Biology, Academy for Advanced Interdisciplinary Studies, Peking University, Beijing 100871, People's Republic of China (C.S.).

The authors declare no competing financial interest.

This research was supported by the Danish Council for Independent Research \| Technology and Production Sciences (FTP-0602-01778B), the Danish National Research Foundation (DNRF59) and the Danish Centre for Scientific Computing (CSCAA). H.K. was supported by an Alfred Benzon Fellowship. C.S. was supported by a Marie Curie Intra European Fellowship within the 7th European Community Framework Program. Research in MS's group is supported by grants from the Wellcome Trust, BBSRC, EPSRC, and the Leverhulme Trust.
